Importance: Different tip designs in modern cataract surgery have not been studied between the reported systems.
INTRODUCTION
Cataract surgery is improving in a rapid pace. Surgical parameters such as phacoemusification time, used amount of ultrasound energy and size of incisions were reduced to allow a minimal invasive procedure. [1] [2] [3] [4] [5] Additionally, advances of the intraocular lens (IOL) design procure a better visual outcome and a safer surgery.
1,2 These developments were accompanied by technological innovations such as interrupted phaco modes, improved pump systems, nucleofractis techniques, femtosecond laser platforms and vacuum-assisted phacoemulsification. 3, [6] [7] [8] [9] The difficulty of all technological developments is to concentrate on those advances, which offer a major impact on creating an even more secure cataract surgery. One key technique of the latest advances is the torsional phacoemulsification that provides via reduced ultrasound energy and reduced phacoemulsification time a protective mechanism for the corneal endothelium. 4, 10 The torsional phacoemulsification works by producing a side-to-side motion of the phaco tip, which breaks up the nucleus by using a shearing effect. 3, 4, 11 Accordingly, the flow of the fragmented lens material is improved. 3, 4, 11 The efficiency of torsional phacoemulsification is influenced by the tip's anatomy. 12 On the other hand, longitudinal phacoemulsification works by forward and backward movement of the phaco tip using the jackhammer effect. 3, 11, 13 The drawback of torsional phacoemulsification is clogging, which can be prevented by a short burst of longitudinal phaco to avoid this complication. 3, 4, 11, 13 We designed a study to assess the clinical effects of two phaco tips, Intrepid balanced tip (BT) and Kelman tapered tip (TT), by comparing the intraoperative and short-term outcome of upgraded torsional microcoaxial phacoemulsification surgery and femtosecond laser-assisted cataract surgery (FLACS). As FLACS became more popular, we found the need to compare a manual phacoemulsification group with a FLACS cohort. FLACS was reported to reduce the effective phacoemulsification time and the required phacoemulsification energy in specific patient populations, thereby reducing corneal endothelial injury. 9, [14] [15] [16] [17] 
METHODS
Data of 343 eyes (n = 343) were included in this prospective study from January 2015 to April 2016, approved by the Ethics Committee, Berlin, Germany, following the Declaration of Helsinki. Two tip designs, Intrepid BT and Kelman TT 0.9 mm 30°(Alcon, Fort Worth, TX, USA), were tested in FLACS and manual phaco. According to that, four study cohorts were formed: FLACS BT (n = 90, 70.2 years), FLACS TT (n = 106, 68.1 years), Manual BT (n = 70, 71.3 years) and Manual TT (n = 77, 71.8 years) (n = 196 FLACS and n = 147 manual phacoemulsification; Table 1 ).
Primary outcome of this study was to compare the use of the Intrepid BT in FLACS and torsional manual phacoemulsification with FLACS and manual phaco with the Kelman tip.
In this study design, the following intraoperative characteristics were observed: cumulative dissipated energy (CDE, %s), balanced salt solution (BSS) volume (mL), total longitudinal energy (%s) and total torsional amplitude (%s). The Lens Opacities Classification System (LOCS) was used for grading nuclear density. 18 Visual acuity was assessed preoperatively, 1 day, 1 week and 1 month post-surgery. The safety parameter intraocular flare value (photon counts/ms, laser flare photometry, FM-700 Kowa, Tokyo, Japan) was observed preoperatively and 1 week postoperatively. The laser flare photometry measures the intraocular protein concentration with a laser beam projecting into the anterior chamber and detecting scattering of the beam within the sampling window by a photomultiplier.
Subgroup analysis was performed by splitting the four study groups (FLACS BT, FLACS TT, Manual BT and Manual TT) in LOCS II, III and IV categories ( Table 2) .
For each patient, an ophthalmologic examination with medical history, best-corrected visual acuity, slit lamp examination and fundoscopy was performed prior to surgery. Informed patient consent was obtained prior to examinations and surgery.
Inclusion criteria are the nuclear density score LOCS II, III and IV; pupil size in mydriasis 5.5-6 mm; anterior chamber depth 2.3-2.5 mm; no other surgery <3 months; and a systemic disease in a stable condition (diabetes HbA1c maximum 7% and controlled hypertensive blood pressure). Exclusion criteria are LOCS I, astigmatism >1 diopter, spherical error >3 diopter, intraocular pressure >21 mmHg, uncontrolled systemic disease (diabetes and hypertensive blood pressure), autoimmune disease, uveitis, keratitis and hazy optic media.
The IOL calculation was provided by the IOL Master using the SRK/T formula (Zeiss Meditec AG, Jena, Germany). No patient dropout was registered.
Surgery technique
The femtosecond laser procedures were performed using the LenSx laser (Alcon Laboratories Inc.) under topical anaesthesia with Conjucain EDO (oxybuprocainhydrochloride, 4.0 mg/mL, Dr. Mann Pharma GmbH, Berlin, Germany) by the same surgeon (T. P.). The LenSx laser is a 50-kHz femtosecond infrared laser with a pulse width of 600-800 fs, a central laser wavelength of 1.030 nm and maximum pulse energy of 15 μJ. The laser pulse energy setting for performing the anterior capsulotomy was 4.8 μJ (upper/lower deltas of the capsule -200/250 μm, spot separation -4 μm). The diameter of the capsulotomy was set to 5 mm. The depth and coordinates of the capsulotomies were determined by the laser system's optical coherence tomography. Energy level chosen for lens fragmentation was 8.9 μJ (diameter -4.8 mm, spot separation -20 μm). The pattern used for nucleus division in all LOCS stages was the cube fragmentation cut (grid size -350 μm).
The interface was built as an extended suction skirt and an additional soft contact lens between the applanation lens and the cornea, which allowed a decrease of laser pulse energy while maintaining the ability to perform capsulotomies. After docking was performed, the cornea was applanated, and suction was activated. After finishing the laser treatment, undocking was performed, and the interface with the contact lens was removed. Phacoemulsification (standard phaco-chop technique) was performed with the Alcon Centurion System in the torsional mode using the OZil Intelligent Phaco software. A 2.2-mm self-sealing limbal incision was made with the Intrepid Clearcut 2.2 mm dual-bevel metal keratome (Alcon Surgical, Inc.). Sodium hyaluronate 3.0%-sodium chondroitin sulphate 4.0% was used to form the anterior chamber and to protect the corneal endothelium. In the manual procedure, an approximately 5.00-mm continuous curvilinear capsulorhexis was created with a 26-gauge needle. In dense nuclei, Trypan blue 0.4% (Rhex ID) was injected to improve the visualization of the capsule as needed. For phacoemulsification, the Intrepid BT and TT (Alcon) were used in the study cohorts. The two tips demonstrate different properties; the Intrepid BT possesses true torsional properties whereas the TT is built for the longitudinal force but is able to move with torsional motion because of its horn at the end of the tip. The Intrepid BT offers an external diameter of 0.8 mm and internal diameter of 0.57 mm. The main shaft of the Kelman TT 0.9 mm 30°presents an external diameter of 0.9 mm, and the internal diameter is 0.66 mm (external diameter 1.02 mm and internal diameter 0.85 mm at the horn of the tip). The stroke/amplitude at 100% power at cutting edge is 90 μm in TT and 192 μm in BT, at incision 40 μm in TT and 60 μm in BT; thus, the ratio is 44% in TT and 31% in BT.
The same energy and fluid settings were used in all groups. The torsional conventional phaco mode with maximum 60% amplitude was selected for the torsional mode. 19 The vacuum threshold was 98% of the maximum vacuum, and the pulse rate was 30 pulse per second. The maximum vacuum was 330 mmHg, the aspiration was 38 mL/min for I/A phaco and the intraocular pressure was kept at 30 mmHg. An aspheric acrylic IOL was inserted through the 2.2-mm incision using an injector system. The same settings for each group were used to allow a direct comparison between the study cohorts, especially when considering that the outcome of this specific laser platform and phaco machine cannot be easily transferred to other technologies.
No corneal incisions were made by the femtosecond laser during this study. The clear cornea incisions, manually cut by one surgeon, were closed by delicate stromal hydration in FLACS and phacoemulsification; the temporal access for IOL implantation was chosen for all eyes (9 o'clock for the right eye and 3 o'clock for the left eye). Postoperative schedule was composed of a topical combination of steroids and antibiotics that were reduced over 4 weeks following the intervention. 
Subgroup analysis regarding Lens Opacities Classification System
In LOCS II, data analysis was performed by using non-parametric ANOVA (Kruskal-Wallis test) for non-parametric variables as the size of study cohorts is limited. In LOCS III and IV, one-way ANOVA was applied to compare the four study groups as the sample size of each group is large enough to perform a parametric test. The data were normally distributed following the Kolmogorov-Smirnov test. A significant ANOVA was followed up by multiple pairwise comparison using the Bonferroni adjusted P value of 0.05/4 = 0.0125 (FLACS BT vs. 
RESULTS
Data of n = 343 patients were analysed. The Intrepid BT and Kelman TT demonstrated a high intraoperative efficacy showing no intraoperative complications. There were no statistically significant differences in age, sex, axial length, pupil size or anterior chamber depth between the groups preoperatively (P > 0.05).
In Table 1 , lower CDE values were seen in FLACS compared with the manual phaco group (CDE %s median FLACS BT 3.28, FLACS TT 4.07, Manual BT 5.57 and Manual TT 6.27). CDE decreased by using FLACS regardless of cataract grade and tip selection. There was a significant difference between FLACS BT and FLACS TT (P = 0.038) and between FLACS BT and Manual TT (P = 0.001).
The parameter 'total torsional amplitude' showed a significant difference between FLACS BT and FLACS TT (P = 0.032), between FLACS BT and Manual TT (P < 0.001) and between Manual BT and Manual TT (P = 0.050) (mean ± standard deviation [SD] in Table 1 ).
Total longitudinal energy did not show a significant difference between the four study groups (P > 0.05, mean ± SD FLACS BT 0.44 ± 0.53%s, FLACS TT 0.75 ± 0.88%s, Manual BT 0.61 ± 0.96%s and Manual TT 0.67 ± 1.28%s).
Balanced salt solution volume differed significantly between FLACS TT and Manual TT (FLACS TT 64.17 ± 20.83 mL, Manual TT 53.82 ± 20.77 mL, P = 0.045).
Power analysis of the complete study cohort including the four parameters showed the following power values (computed using α = 0.05): CDE 0.928, total torsional amplitude 0.966, total longitudinal energy 0.615 and BSS volume 0.960.
Subgroup analysis regarding Lens Opacities Classification System II, III and IV
Descriptive data were presented in Tables 2 and 3 . In Figures 1-4 , the intraoperative parameters were illustrated using box plot analysis.
Cumulative dissipated energy differed significantly between FLACS BT (0.85 ± 2.06%s) and Manual BT (1.14 ± 1.03%s, P = 0.040) in LOCS II stages. Additionally, the total longitudinal energy showed a significant difference between Manual BT and FLACS BT and FLACS TT and also between Manual BT and Manual TT in LOCS II (P < 0.05, Table 3 ; mean ± SD in Table 2 ). The total torsional amplitude demonstrated a significant increase in Manual BT (2.68 ± 2.46%s) compared with FLACS TT (0.79 ± 1.31%s, P = 0.040).
In LOCS III stages, CDE, total longitudinal energy and torsional amplitude showed no significant changes between the groups (P > 0.05, Table 3 ; mean ± SD in Table 2 ).
In LOCS IV, CDE and total torsional amplitude showed a significant reduction by using the BT in the FLACS and manual phaco compared with the TT (CDE %s mean ± SD FLACS BT 6.58 ± 4.91, FLACS TT 13.39 ± 7.45, Manual BT 8.26 ± 4.27 and Manual TT 15.77 ± 16.04, P < 0.05; for torsional amplitude, please see Tables 2 and 3 ).
The BSS volume showed no significant difference in LOCS II and III stages (Fig. 4) . In LOCS IV, the fluid used differed significantly between FLACS TT (97.76 ± 22.57 mL) and Manual BT (76.70 ± 13.90 mL, P = 0.004) and FLACS TT and Manual TT (81.09 ± 15.27 mL, P = 0.001). More fluid was used during the cortex aspiration in dense nuclei in FLACS surgeries because there is inadequate hydrodissection.
Visual acuity showed in all four study cohorts a significant increase 1 month post-surgery (P < 0.001; Fig. 5 ).
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No wound changes using BT compared with TT can be reported, especially observable in LOCS IV stages; the wound site did not show tearing at the edges and could be closed smoothly by stromal hydration.
Regarding the safety parameter 'intraocular flare' (photon counts/ms) no significant changes can be assessed between the four study groups 1 week postoperatively (P > 0.05; Table 4 ). 
DISCUSSION
Torsional phacoemulsification was invented to overcome limitations of the longitudinal phacoemulsification and was suggested to be more efficient than conventional longitudinal phacoemulsification because of its side-to-side oscillatory shearing force. [1] [2] [3] [4] 20 The nucleus is cut by side to side motion in torsional phaco and not only during the forward movement in longitudinal phaco. 4 The recently designed phaco systems integrated supplementary a balanced energy technology that enhanced phacoemulsification efficiency through the software. The torsional phaco tip used in our study is the Intrepid BT, which can translate torsional movements to side-to-side cutting action. 21 Demircan and colleagues stated that by combining the BT and new fluidics, nuclear material flowed to the tip and stayed on it so that it appeared as it was emulsified at the shearing plane. 21 A drawback of the BT is its lower resonant frequency than those used in longitudinal phacoemulsification, however, the use Figure 4 . Box plot analysis of the total balanced salt solution used in femtosecond laser-assisted cataract surgery (FLACS) and manual phacoemulsification. The Lens Opacities Classification System (LOCS) was used for grading nuclear density. BT, balanced tip; TT, tapered tip. of side-to-side shearing forces resulted in less repulsion and cutting and an increased emulsifying efficiency. [1] [2] [3] [21] [22] [23] [24] [25] Recent advances in phaco systems and tip designs aimed to reduce the rate of capsule breakage which is a feared complication in cataract surgery. 20, 26 As we still lack guidelines for using different phaco and laser systems as well as tip designs in different nuclear density, we aimed to assess the possibility of improving the efficacy of the two main cataract surgery techniques by using two different tip designs.
Intraoperative factors (CDE, total torsional amplitude, total phaco time and BSS volume) codetermining the outcome of the cataract surgery are mainly dependent on the phaco system, modality (torsional versus longitudinal), the cutting efficiency of the tip and the surgeon's experience and technique. 12 Considering our primary study outcome, lower CDE values were seen in FLACS compared with manual phacoemulsification (CDE %s median FLACS BT 3.28, FLACS TT 4.07, Manual BT 5.57 and Manual TT 6.27). First of all, this information showed us that CDE decreased by using FLACS regardless of cataract grade and tip selection. In a comparative study, CDE was 5.18 ± 4.58 (%s) with active fluidics (Centurion) and 7.00 ± 6.85 with gravity fluidics (Infiniti) in FLACS (in conventional phaco mean CDE 7.77 ± 6.97 and 11.43 ± 9.12, respectively). 27 This analysis demonstrated that CDE showed lower results in both FLACS and manual phaco with the torsional active-fluidics platform than with the gravity-fluidics system (P = 0.029 FLACS, P < 0.001 manual phaco) which was used in our study in the first place. 27 In addition, femtosecond laser-assisted surgery with the torsional phacosystem further reduced CDE. 27 The effect of tip efficacy was not analysed in this study. Our mean CDE values were generally lower than the reported results which might be because of surgeons' experience, cataract grade and study population.
In our study, the CDE showed lower results with the BT than with the TT in both FLACS and manual phaco. We found a significant difference between FLACS BT and FLACS TT (P = 0.038) and between FLACS BT and Manual TT (P = 0.001; Table 1) , showing an energy-saving effect of the BT in the subsequent manual procedure. Demircan et al.
compared the Intrepid BT and the 45°Kelman tip in a manual phaco cohort and found a significantly decreased total phaco time, torsional ultrasound time, CDE and BSS use in the BT compared with the TT (n = 116, P < 0.05). 21 The torsional phacoemulsification, performed with a BT, provided more effective lens removal with reduced total phaco time, CDE and BSS volume in all cataract grades, in line with our study findings. 21 In contrast, MurschEdlmayr et al. found no significant difference of the effective phacoemulsification time between FLACS and manual phaco (P = 0.220) stating that both systems are equally safe and effective. 28 Furthermore the parameter 'total torsional amplitude' showed a significant reduction in FLACS compared with the manual procedure and a significant decrease by using the BT compared with the TT; the FLACS BT cohort showed the lowest values (FLACS BT vs. FLACS TT P = 0.032, FLACS BT vs. Manual TT P < 0.001, Manual BT vs. Manual TT P = 0.050; mean ± SD in Table 1 ).
Total longitudinal energy did not show a significant difference between the four study groups (P > 0.05, mean ± SD FLACS BT 0.44 ± 0.53, FLACS TT 0.75 ± 0.88, Manual BT 0.61 ± 0.96 and Manual TT 0.67 ± 1.28). The clinical relevance of this parameter can be probably neglected.
Balanced salt solution volume differed significantly between FLACS TT and Manual TT (FLACS TT 64.17 ± 20.83 mL, Manual TT 53.82 ± 20.77 mL, P = 0.045) which is not an unexpected finding as more fluid is needed during cortex aspiration in FLACS because there is inadequate hydrodissection.
Additionally, the BT can show increased emulsification and cavitation at the sides of the tip but no significant tip shaft motion whereas Kelman tips demonstrated significant tip actions with an increased risk of corneal stroma alterations. 21, 29 Especially in hard cataracts torsional phaco with other tips than the BT could cause disruptions at the wound site. In contrast, we compared the main wound site and found no wound changes in the BT and TT cohorts in dense and soft nuclei.
Intraocular flare values could not show a significant difference between FLACS and manual phacoemulsification in our study cohort (Table 4) . In contrast, Yu et al. reported that flare values in FLACS were lower than those in manual phaco at 6 months follow up (P = 0.001).
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Lens Opacities Classification System subgroup analysis
According to our findings, energy savings by the BT played an important role in LOCS IV nuclear density scores. The CDE did not significantly differ between balanced and TT in both surgical approaches in LOCS III stages (P > 0.05). We found a significant difference, however, between FLACS BT and Manual BT in LOCS II, but assumed that this result did not provide a major impact on efficient cataract surgery in soft nuclei if considering the absolute values. The clinical relevance for FLACS in mild cataracts has to be questioned as the manual procedure using the appropriate tip design can lead to a similar high standard of cataract surgery although we see a reduction of CDE in all FLACS cohorts compared with the manual procedure regardless of cataract grade and tip design (Table 1 ). In general, recent comparative studies show the same trend: FLACS and manual phacoemulsification lead to similar safety and efficacy outcomes in cataract surgery. 28, 30 The Kelman TT offered with its wide diameter an unpretentious solution to extract soft nuclei. On the other hand, our results indicated an advantage of FLACS with the subsequent use of the Intrepid BT in reducing CDE and torsional amplitude in dense nuclei (LOCS IV). Thus, the efficacy of cataract surgery can be raised by choosing the appropriate tip design in the subsequent manual procedure. Our findings were in line with Tjia's preliminary observational study, which showed decreased CDE levels and no wound changes in the BT cohort compared with Kelman mini tips. 29 The longitudinal energy settings were dependent on the surgeon's set up of the phaco system and cannot be easily compared with other research. In LOCS II, the longitudinal energy showed significant differences between the cohorts, however, including the absolute values, no clinical relevant effect is expected (P < 0.05). In LOCS III and IV, the total longitudinal energy showed no significant changes between the groups.
In addition, the BSS volume showed no significant difference in LOCS II and III (Fig. 4) . In LOCS IV, however, the fluid used was significantly reduced in the BT cohort of the manual phaco. Our results were in line with comparative studies reporting a reduction of the BSS volume in the BT group in dense cataracts (LOCS IV, P = 0.013). 21, 23 As a trend, more fluid was used with increasing nuclear density, which is expected by inadequate hydrodissection in FLACS.
Davison stated that the main disadvantage of torsional phacoemulsification is clogging, which describes the obstruction of the tip's shaft by emulsified lens material, especially found in dense cataracts. 25 The structure of the BT created less clogging and increased sharpness. 21 The use of an angled tip in torsional phacoemulsification leads to less surgeon-generated tip travel and shorter time, suggesting that nuclear material may be more efficiently aspirated through the tip aperture. 25 These results are in line with our study findings; we found no clogging in the BT cohorts in LOCS II and III and less difficulties in LOCS IV stages.
Limitations
This study is limited by the use of one phacoemulsification and femtosecond laser system; thus, our results can only be applied for the same systems using our study settings. Furthermore, the corneal pachymetry was not assessed and should be subject of future studies. Another interesting omitted factor in our study is the free radical concentrations released by the phaco and laser systems. Aust et al. showed that the hydroxyl radical concentrations in the aspirated irrigation solution using the torsional modality was approximately one-half that reported for the longitudinal modality using the Kelman TT. 31 The level of malondialdehyde as a marker for hydroxyl radicals was further reduced by 50% with torsional-specific tips.
To our knowledge, this is the first study to compare the efficacy of these two tip designs in FLACS and manual phacoemulsification. Summarizing our findings, the choice of tip designs in advanced phacoemulsification systems plays a fundamental role to increase the efficacy in modern cataract surgery. The BT showed a considerable energy reduction in FLACS and the torsional manual phacoemulsification. Advances in surgical outcome aim for individuality and right patient selection; thus, the specific use of available tip configurations should be integrated in the process of designing the right surgical procedure for the patients' needs.
